Purpose: Photodynamic therapy (PDT) is used after surgical resection to treat the microscopic disease for malignant pleural mesothelioma and to increase survival rates. As accurate light delivery is imperative to PDT efficacy, the deformation of the pleural volume during the surgery is studied on its impact on the delivered light fluence. In this study, a three-dimensional finite element-based (3D FEM) deformable image registration is proposed to directly match the volume of lung to the volume of pleural cavity obtained during PDT to have accurate representation of the light fluence accumulated in the lung, heart and liver (organs-at-risk) during treatment. Methods: A wand, comprised of a modified endotrachial tube filled with Intralipid and an optical fiber inside the tube, is used to deliver the treatment light. The position of the treatment is tracked using an optical tracking system with an attachment comprised of nine reflective passive markers that are seen by an infrared camera-based navigation system. This information is used to obtain the surface contours of the plural cavity and the cumulative light fluence on every point of the cavity surface that is being treated. The lung, heart, and liver geometry are also reconstructed from a series of computed tomography (CT) scans of the organs acquired in the same patient before and after the surgery. The contours obtained with the optical tracking system and CTs are imported into COMSOL Multiphysics, where the 3D FEM-based deformable image registration is obtained. The delivered fluence values are assigned to the respective positions (x, y, and z) on the optical tracking contour. The optical tracking contour is considered as the reference, and the CT contours are used as the target, which will be deformed. The data from three patients formed the basis for this study. Results: The physical correspondence between the CT and optical tracking geometries, taken at different times, from different imaging devices was established using the 3D FEM-based image deformable registration. The volume of lung was matched to the volume of pleural cavity and the distribution of light fluence on the surface of the heart, liver and deformed lung volumes was obtained. Conclusion: The method used is appropriate for analyzing problems over complicated domains, such as when the domain changes (as in a solid-state reaction with a moving boundary), when the desired precision varies over the entire domain, or when the solution lacks smoothness. Implementing this method in real-time for clinical applications and in situ monitoring of the under-or overexposed regions to light during PDT can significantly improve the treatment for mesothelioma.
INTRODUCTION
Photodynamic therapy (PDT) is currently coupled with surgical resection of the pleura affected with malignant mesothelioma as a local treatment suitable to treat the microscopic disease and to increase survival rates. [1] [2] [3] [4] [5] PDT is based on the use of photochemical reactions mediated through an interaction between a photosensitizing drug, photoexcitation with a specific wavelength of light (mostly in the visible region), and massive production of reacted oxygen species, which is thought to be the main cause of tumor cell killing. [6] [7] [8] As accurate light delivery is imperative to efficacy of PDT, 1,9 a series of computed tomography (CT) scans is acquired before surgery to obtain images of a patient's anatomy and to use in treatment planning. To obtain light delivery information and improve its distribution uniformity during PDT, an optical tracking system is used to display the cumulative light fluence on every point of the cavity surface that is being treated. The optical tracking system consists of an attachment with nine reflective passive markers that are seen by an infrared camera-based navigation system. 1, 10 In order to evaluate the treatment efficacy, a series of CTs are acquired again after the surgery.
PDT does not involve ionizing radiation and can be welllocalized. Therefore, PDT has shown less long-term side effects as compared to radiation-and chemo-therapies. 11, 12 However, the deformation of the pleural volume during the surgery, when the pleural cavity is opened impacts the light fluence delivered to the tumor as well as the fluence to the organs-at-risk and thus reduces the treatment efficacy. In this context, a key step is the capability to monitor the cumulated light fluence received by the pleural cavity, then to compare this fluence with the planned one by using deformable image registration. [13] [14] [15] The objective of this study is to develop a three-dimensional finite element-based (3D FEM) deformable image registration algorithm to co-register the treatment volume (pleural cavity) and critical structures (eg, heart, liver, etc.) to the pleural cavity in the surgical condition and thus determine the light fluence to those critical structures. The optical tracking-based geometry represents the volume of the pleural cavity, which contains lung and pleural fluid. Pleural fluid provides lubrication as the lungs expand and contract during respiration. Therefore, the size of the pleural cavity is close to the volume of the expanded lung obtained from the CTs. In a series of three patients, we quantify the geometrical local accuracy and precision of our FEM-based deformable image registration to transform the real lung volume, reconstructed from the post-PDT CT images, to the optical tracking volume. Through which, the physical correspondence can be established between the complex geometry of the lung and pleural cavity. We also examine the dosimetric impact of using this method for evaluation of the light fluence accumulation in the pleural cavity as well as the organ-at-risk, heart, and liver.
THEORY
The process of deformable image registration consists of establishing spatial correspondences between different image acquisitions. 13, 16, 17 This technique is used in radiation therapy, image-guided surgery, functional magnetic resonance image (fMRI) analysis, and tumor detection, as well as many nonmedical applications, such as computer vision, pattern recognition, and remotely sensed data processing. [17] [18] [19] [20] Herein, deformed geometry and structural mechanics models are used in COMSOL Multiphysics in order to deform the structure contours of the lung obtained from CTs. In our deformable image registration algorithm, tissue deformation can be characterized as a minimization of the total energy described as following:
where V and Ω are the volume and the continuous domain of an elastic body, respectively. Fis the external force and D is the displacement in Ω. r is the stress vector and e is the strain vector. In linear 3D continuum mechanics, e is described with the six components in column vectors: 
The stress-strain relationship is through Hooke's law:
where, C is the material matrix: 
where, E is Young's modulus and m is Poisson's value. Using an FEM approach, the problem domain Ω was divided into discrete tetrahedral elements, with each element consisting of several nodes. The displacements of the points inside the element were obtained through interpolation of node displacements. The following equation shows the displacement of a point r (x, y, z) in the element e,
N i e ( r ! ) represents the basis functions over the element e. The unknown displacements D i of these nodes are subjected to imposed force, elastic model and boundary constraints, and are usually calculated by solving a set of linear or nonlinear algebraic equations.
Since for each element e, Young's modulus E e is a common factor among all the entries C e ij , it can be extracted from each of the combinatory terms of K The external forces must be equal to the elastic forces specified in Eq. (5) . While the external forces at the boundary nodes are unknown, those at the internal nodes must be null if gravity is ignored. This fact will be used as a basic criterion to judge the quality of the displacement vector field derived from image registration.
The deformable image registration is evaluated by the calculation of the transformation error, d i , for 120 points in different regions as the individual distance between the node acquired with optical tracking (NDI) system and the corresponding node in the transformed CT:
Medical Physics, 44 (7), July 2017 3. METHODS
3.A. PDT
From 2004 to 2016, several patients aged from 27 to 81 yr underwent surgical resection plus PDT at the hospital of the University of Pennsylvania. A more detailed description of the PDT technique and treatment protocol can be found elsewhere. 1, 10, 21, 22 Briefly, each patient received 2 mg per kg body weight porfimer sodium (sold as Photofrin II) with a 24 h drug-light interval. Light excitation with a 630 nm wavelength was delivered by a Laser Scope dye and KTP-YAG laser system (model 630 XP, Laserscope, Inc, San Jose, CA, USA) via a treatment delivery wand, which is comprised of a modified endotrachial tube filled with scattering media (Intralipid, Fresenius Kabi, Uppsala, Sweden) and an optical fiber inside the tube to deliver the laser light. The PDT treatment time varied from 1762 to 5232 s to a prescribed 60 J/cm 2 measured at 8 specific locations in the cavity with isotropic detectors. Moreover, light delivery information was obtained during PDT by using an optical tracking system so that it can be used to display the cumulative light fluence on every point of the cavity surface that is being treated.
3.B. Optical tracking system for acquisition of the treated pleural cavity
The position of the point light source was tracked in 3D during PDT using an attachment with nine reflective passive spherical markers that are seen by a Polaris â Spectra (North Digital Inc., Waterloo, Canada) infrared camera [see Fig. 1(a) ]. Once the treatment delivery wand was inside the pleural volume, the camera system started tracking the tip of the wand, on which the light delivery fiber was attached. The accuracy of the optical tracking system is 2-5 mm in 3D and the maximum volume obtained with the system is 205 9 186 9 147 cm 3 . 10 The error of the tracking system is small as compared to the pleural cavity volume and has a minimal impact on deformable registration. The position data were transferred to a computer using OpenIGTLink at a rate of 20-60 Hz and were displayed and processed by Matlab R2013a (64-bit Mathworks, Natick, MA, USA) in real time. The 4D (3D plus time) information of the treatment was obtained by real-time updated unwrapped images. The details of the optical tracking system and the calibration before PDT can be found elsewhere. 1, 9, 10 3.C. Matching of the orientation of optical tracking pleural cavity with standard CTs During surgery, the laser delivery wand with the passive markers was used to determine the "standard" orientation along the patient. The wand was briefly held above and parallel to the patient, with the passive markers towards the head of the patient. This coordinate was used to orient the volume obtained with the optical tracking system during treatment so that the top of the treatment volume is upwards on the z-axis. A 3 9 3 rotational matrix (M std ) defines the orientation of the treatment wand in the "standard" orientation, and all measured volume coordinates are transformed using M std . 9 
3.D. Surface reconstruction from the data obtained with optical tracking system and CTs
The position points collected with the optical tracking system during PDT were processed and plotted as a three dimensional volume of the pleural cavity using Matlab and MeshLab V1. CA, USA), lung, heart, and liver volumes were contoured on the enhanced CTs acquired before and after the surgery at the Hospital of the University of Pennsylvania [see Fig. 1(b) ]. Then, the volumes were processed by Matlab and MeshLab.
3.E. Determination of the delivered light fluence
To achieve a uniform light fluence distribution on the cavity, the light fluence distribution on the cavity surface is calculated when PDT begins, so that the treatment can be guided by the real-time light fluence image. The light from the point source is the sum of the direct and the scattered lights. 10 The direct light fluence rate can be expressed as:
where S is the power of the point source and r is the distance from the point source to the point of interest. The total light fluence is calculated as a temporal integral of /, which is a function of r as well as the time, t. Moreover, a time-dependent multiplication dual correction factor CF(t) is applied to the entire calculated light fluence rate, ie,
The CF is calculated based on one of the eight detectors, which has the largest sum fluence at the time and is applied to the entire volume at that time. The details of the dual correction methodology can be found elsewhere. 10 
3.F. Deformable image registration using COMSOL Multiphysics
The CT volumes of lung, heart, and liver were separately imported into COMSOL Multiphysics 5.0, where the FEMbased deformable image registration was obtained. The CT surface for each patient was automatically assigned different zones by COMSOL depending on the geometry of the patient's organs [see second column in Fig. 1(b) ]. The optical tracking-acquired contour was also registered in COMSOL by overlapping its center of mass and orientation with lung CT. The delivered fluence values were imported into COM-SOL as 3D fluence clouds and were assigned to their respective positions (x, y, and z) on the optical tracking contour. Tissue stress-strain material properties, density, Poisson's value, and Young's modulus with the magnitudes presented in Table I were defined for each organ.
Then, meshes with fine surface tetrahedral symmetries were generated for CT domains; element statistics of the mesh has been shown in Table II . In order to have a representation of the light fluence accumulated in the lung, heart, and liver during the treatment, the optical tracking contour was considered as the reference, and the lung CT contour was deformed to overlap the optical tracking contour. 3D FEMbased image deformable registration was done by introducing Deformed Geometry and Structural Mechanics models in the Physics package of COMSOL to different zones of the CTacquired lung surface. Our method was employed on the data for three mesothelioma cancer patients to demonstrate the capacity of this method as well as the transformation accuracy, for various geometries of optical tracking-acquired pleural cavity, and CT-acquired organs volume with different degrees of deformations and force boundaries. For a typical CT and optical tracking geometry, the 3D reconstructed surfaces as well as registered and overlapped contours in COM-SOL have been presented in Fig. 1(c) Medical Physics, 44 (7) 1600 MHz DDR3). The program is able to perform the deformable image registration and map the total fluence for each point in the CT contour in about a maximum time of 5 min.
RESULTS AND DISCUSSIONS
The optical tracking-and CT-acquired volumes were imported into COMSOL Multiphysics and the fluence values were assigned to their respective positions (x, y, and z) on the optical tracking contour. Based on the results of the data analyses for three mesothelioma cancer patients in Table III , the optical tracking volume and surface area varied from 2302 to 10060 cm 3 and from 909 to 2322 cm 2 , respectively. The post PDT CT-acquired lung volume and surface area were in the ranges of 2038-2074 cm 3 and 869-886 cm 2 , respectively. These values for volumes and surface areas are within the range of a prior study for a large population of Photofrinmediated pleural PDT, where we found that the CT-acquired lung volume and surface area were in the ranges of 883-2651 cm 3 , and 686-1133 cm 2 , respectively. 22 With surgical incision, the pleural cavity is expanded greatly and adjusted. The optical tracking data accounts for areas that the lung does not normally occupy (such as the lower sulcus or deep in the side of the diaphragm). This may contribute to the larger volume of the optically obtained contours. After overlapping of the center of the masses and orientation of the pleural cavity and CT lung volumes, the CT lung volume was deformed to match the optical tracking contour by introducing FEM-based Deformed Geometry and Solid Mechanics models in the Physics package of COMSOL.
The results of our deformable image registration, surface stress vectors, deformed mesh and element quality have been shown in Fig. 2 for a typical CT-acquired lung volume and optical tracking pleural cavity; different colors (on-line version only) represent the different magnitudes of the distortion and element quality. Due to the big deformation of the lung during the surgery, there is a big difference between the CT lung surface and the surface of the pleural cavity. The surface areas of the CT domain after the surgery and the optical tracking volume were calculated to be 886 and 1009 cm 2 , respectively. A comparison of the deformed lung volume delineated from the CT (1003 cm 2 ) with the optical tracking surface shows that the CT volume can be artificially deformed using our model to be overlapped on the pleural cavity.
Our 3D FEM based deformable image registration model was evaluated at both axial and sagittal cross-sections. Figures 3(a) and 3(b) show a series of deformed lung sections (red line) as compared to the optical tracking pleural cavity (black line) for case 1 at z = 30, 35, 40, and 45 cm as well as y = À2, 0, 2, and 4 cm, respectively. The standard deviation (Std), as well as minimum, and maximum error of the transformations are listed in Table IV . The transformation accuracy for all three patients is very good. The maximum error of 0.95 cm and the biggest standard deviation of 0.40 cm were calculated for the transformation of the CTacquired lung to optical tracking volume for case 3. Among all patients, image deformable registration showed the best transformation for the case 1.
The power of our deformable image registration algorithm was additionally checked by deformation of the lung volume obtained from the pre-PDT CT in order to overlap to the volume of the lung obtained from the post-PDT CT. The results of the deformation, capacity of our method as well as the deformation accuracy for case 1 have been shown in Fig. 4 As a part of the standard of care for the phase II Photofrin-mediated pleural PDT at the Hospital of the University of Pennsylvania, eight isotropic detectors are placed in eight different locations to measure the delivered light fluence. However, these detectors only give a sampling of the light fluence on the treatment surface and they do not provide information about the maximum and minimum variation of the fluence on the entire surface of the pleural cavity and organs-at-risk such as heart, and liver. The purpose of deformable registration of the CT post surgery to the treatment surface obtained during surgery is to identify critical structures (heart and liver) and determine the light fluence delivered to them, which cannot be easily identified otherwise. The distribution of light fluence on the deformed lung volume, and organs-at-risk (heart, and liver) 26, 27 during PDT has been shown in Fig. 5 . The color map shows under-or over-exposed regions to light; dark blue and dark red correspond to minimum and maximum fluence values on the plot, respectively. In the ongoing clinical trial, the prescribed light fluence for Photofrin-mediated PDT for mesothelioma is 60 J/cm 2 . Figure 5 shows that the magnitude of the delivered fluence changes from 54.6 to 73.6 J/cm 2 on the plural cavity. Based on this figure, a small part of the heart, and liver is also exposed to the treatment light, which is part of the treatment target. Based on our calculations about 22%-31% of the heart surface area, and 11%-22% of the liver surface area were exposed to the full 60 J/cm 2 light fluence. The maximum (31%) and minimum (22%) heart surface area exposure to the full 60 J/cm 2 light fluence was obtained for case 1 and case 2, respectively. The maximum (22%) and minimum (11%) liver exposure to the light was obtained for case 3 and case 2, respectively. More detailed analyses of light fluence uniformity can be found elsewhere. 9 
CONCLUSION
In image deformable registration, displacements from a poor registration will form a physically inappropriate mapping, which causes some voxels to be over accumulated while others are sparsely spread. 16 To reduce the uncertainty of volumetric registration, in this paper we used a 3D image registration combined with an FEM based model to directly match the volume of lung to the optical tracking-acquired volume of pleural cavity. Moreover, the homogeneity of the light fluence delivered to the pleural cavity and the light exposure of the lung, and organs-at-risk (heart, and liver) during mesothelioma PDT was evaluated. The image deformable registration method used is appropriate for analyzing problems over complicated domains, such as when the domain changes (as in a solid state reaction with a moving boundary), when the desired precision varies over the entire domain, or when the solution lacks smoothness. The physical correspondence between the CT and optical tracking geometries, taken at different times, from different imaging devices could also be established using our model. Based on the results, the lung volume acquired from the CTs after the surgery can be artificially deformed using our model to be overlapped on the optical tracking geometry and the accuracy of the transformation were very good for three patients studied. Based on our calculations about 22%-31% of the heart surface area, and 11%-22% of the liver surface area were exposed to the treatment light, which is part of the treatment target.
As of now, several detectors placed in specific locations for the measurements of the light fluence are a part of the standard of care for pleural PDT at the Hospital of the University of Pennsylvania. While, the detector positions are strategically located to cover the entire pleural cavity evenly, uniform light delivery based on the detectors is physiciandependent. In this study, we showed that optical tracking can be used to track the light delivery in places, where there is no detector to reduce the physician-dependency of treatment delivery. We believe that in situ monitoring of the under-or over-exposed regions to light fluence during treatment can significantly improve PDT for mesothelioma.
